RNA from the Hungarian isolate of poa semilatent virus (PSLV) directed in vitro synthesis of 120K, 75K, 25K (coat protein) and 20K polypeptides. In vitro translation of PSLV RNA was blocked by the cap analogue, m7Gpp, thus suggesting that the virus RNA was capped. PSLV RNA could be aminoacylated with [~4C]tyrosine in vitro. The sequence of 1-5 kb from the 3' end of the PSLV RNA y component revealed two open reading frames (ORFs) separated by a uridinerich intergenic region. The putative product of the incomplete 5'-proximal ORF showed a close amino acid sequence similarity with the C-terminal segment of the 7a protein (putative RNA replicase) encoded in the barley stripe mosaic virus (BSMV) RNA 7, and the 20K product of the 3'-proximal ORF was found to be related to the 17K 7b product of BSMV. The sequence of 0-8 kb from the 3' end ofPSLV RNA fl encompassed two (incomplete) overlapping ORFs whose putative products are related to the tic and fld proteins encoded in the similarly arranged ORFs of BSMV RNA ft. Nucleotide sequence homology between the respective parts of the two hordeivirus genomes was restricted to the ORF for 7a, the spacer between the ORFs for ya and yb, and the 3' non-coding region, particularly the 95 nucleotide segment at the 3' end representing a tRNAlike structure. Despite limited sequence conservation beyond this segment, the entire 3' non-coding region of PSLV RNA could be folded in a tight pseudoknotted structure closely resembling that of BSMV RNA. Surprisingly, the 'signature' sequence typical for BSMV RNA, internal polydisperse poly(A) intercalated between the coding part and the 3' tRNA-like structure, was not detected in the PSLV genome. Instead, the virus RNA contained several oligoadenylate stretches spaced by other residues, close to the junction of its coding and 3' non-coding portions.
Introduction
Hordeiviruses are a small group of rod-like plant RNA viruses with divided genomes, comprising barley stripe mosaic virus (BSMV), poa semilatent virus (PSLV), lychnis ringspot virus (LRSV) and, possibly, anthoxanthum latent blanching virus (for reviews, see Atabekov & Dolja, 1986; Jackson et al., 1989) . The best studied is the type member of the group, BSMV, which can cause serious losses in barley . The genome of BSMV is divided among the three positivestrand RNA components designated RNA 0~ (approx. 3.8 kb), RNA fl (3-3 kb) and RNA y (2.6 kb plus 2.8 kb, 2.8 kb, or 3-2 kb, depending on the strain), which encode genes for seven virus proteins (Afanasiev et aL, 1986;  The sequence data have been deposited in the GenBank database under the accession numbers M81487 (PSLV RNA 7) and M81486 (PSLV RNA fl).
t Present address: Federal Biological Research Centre for Agriculture and Forestry, Institute for Biochemistry and Plant Virology, Messeweg 11/12, D-3300 Braunschweig, Germany. Gustafson & Armour, 1986; Gustafson et al., 1987 Gustafson et al., , 1989 . BSMV RNAs are capped and their 3' non-coding region encompasses an internal polydisperse poly(A) and the 3' tRNA-like structure accepting tyrosine (Agranovsky et al., 1979 (Agranovsky et al., , 1981 (Agranovsky et al., , 1982 Kozlov et al., 1984) .
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PSLV and LRSV apparently also have tripartite genomes, with RNA components having slightly different electrophoretic mobilities compared to those of BSMV strains; the same holds true for the capsid proteins of the three hordeiviruses (Hunter et al., 1986 . Despite the absence of detectable Northern blot cross-hybridization of the genomic RNAs of BSMV, PSLV and LRSV, these viruses are distantly related serologicaUy; PSLV is closer to BSMV than to LRSV .
This paper presents the results of translation and partial sequencing of PSLV RNA fl and 7-This sequence provides unequivocal evidence that BSMV and PSLV are related but distinct members of the hordeivirus group which have some intriguing differences in the 3'-terminal non-coding region of their RNAs.
Methods
Sources of enzymes and chemicals. Moloney murine leukaemia and avian myeloblastosis virus reverse transcriptases, Escherichia coli DNA polymerase I, T4 DNA polymerase, restriction endonucleases and Sequenase dideoxynucleotide sequencing kits were purchased from Fermentas. Other enzymes used in this work included RNase H (Serva), E. coli poly(A) polymerase, terminal deoxynucleotidyl transferase (Pharmacia) and RNasin (Promega). Salts and other chemicals were from Serva and Sigma. The labelled compounds [~-32p] Virus purification and serology. The Hungarian isolate of PSLV was kindly provided by Dr P. D. Nagy (Plant Protection Institute, Hungarian Academy of Sciences, Budapest, Hungary). The virus was propagated in winter wheat cv. Mironovskaya-808 and isolated by the method previously described for BSMV (Atabekov & Novikov, 1989) . The anti-PSLV serum was raised in rabbits by repeated subcutaneous injections with purified virus. PSLV RNA was phenol-extracted from the purified virus in the presence of bentonite, and ethanolprecipitated (Agranovsky et al., 1981) . RNA of and antiserum to the BSMV strain ND18 (originally obtained from Dr A. O. Jackson) were produced in our laboratory.
In vitro translation. Total virion RNA of PSLV was translated in rabbit reticulocyte lysates kindly provided by Dr O. N. Denisenko. Standard translation mixtures (Karasev et al., 1987) contained 8 to 10 ~tg of PSLV RNA and 20 IxCi of L-[35S]methionine in a total volume of 25 lal. In some experiments, the cap analogue mTGpp (Sigma) was added to the translation mixture along with equimolar quantities of magnesium chloride. After 60 min incubation at 30 °C translation products were analysed in 8 to 20 % gradient polyacrylamide gels using the Tris-glycine-SDS system of Laemmli (1970) . Immunoprecipitation of 35S-labelled translation products with the anti-PSLV serum was done as described by Robinson et al. (1983) .
Aminoacylation of viral RNAs and analysis of internal poly(A).
Isolation of wheat embryo aminoacyl-tRNA synthetases and aminoacylation of virus RNAs in vitro were performed as previously described (Agranovsky et al., 1981) . Prior to RNase H cleavage in the presence ofoligo(dT)10 (Agranovsky etal., 1982) , total virion RNA was 3'-labelled by incubation with T4 RNA ligase and [0t-32p]pCp (England & Uhlenbeck, 1978) . The labelled products of the RNase H cleavage were analysed in 8% thin sequencing gels and visualized by autoradiography. Internal poly(A) fragments were analysed essentially as described previously (Agranovsky et al., 1983) . Briefly, the fragments of virus RNA resistant to RNases A and T1 digestion were 5'-labelled with [y-32p]ATP and T4 polynucleotide kinase followed by electrophoresis in a 20% sequencing gel and autoradiography.
In all the tests, BSMV ND18 RNA was assayed in parallel with PSLV RNA.
cDNA cloning and sequencing. Total virion RNA of PSLV (10 ~tg) was 3' polyadenylated in 25 ktl reactions containing 50 mM-Tris-HC1 pH 8-0, 250 mM-NaC1, 10 mM-MgC1, 2-5 mM-MnC12, 0-2 mM-ATP, 100 mg/ml BSA, L 2 units of RNasin and 1 to 2 units of poly(A) polymerase. After a 20 min incubation at 37 °C, RNA was extracted with phenolchloroform and precipitated with ethanol. To prime the first strand cDNA synthesis, synthetic oligodeoxynucleotide 5" dTCTCGAG-(T)I 5GG 3' [hereinafter called the oligo(dT)GG primer; underlined is the XhoI restriction site], was used. The primer and polyadenylated PSLV RNA mixed in 10 mM-Tris-HCl pH 7.2, 0-2 mM-EDTA were heated at 100 °C for 3 min and then quenched on ice. The procedures for one-tube synthesis, sizing and dC-tailing of cDNA were essentially as described by Maniatis et al. (1982) and Gubler (1988) . The cDNA inserts were annealed to PstI-cut dG-tailed pUC9 plasmid (Pharmacia) and used for transformation ofE. coliXL-1 cells (Maniatis etal., 1982) . Recombinant clones containing the Y-terminal sequences were screened by in situ hybridization. Total PSLV RNA was labelled at its 3" terminus with [g-32p] pCp and then incubated at 100 °C for 30 min to obtain labelled fragments of less than 300 nucleotides (nt) in length (Agranovsky et al., 1981) for use as a specific probe. One of the 3'-terminal clones thus selected was oligolabelled (Feinberg & Vogelstein, 1983 ) and used as a probe for colony hybridization in the next series of clonings. The clones were further screened for their insert size and for XhoI restriction sites, followed by subcloning into pTZI8 and -19 vectors and dideoxynucleotide sequencing of the resulting singlestranded templates. Part of the 3'-terminal sequence was determined directly on pCp-labelled PSLV RNA by the chemical method (Peattie, 1979) and by reverse transcription of poly(A)-tailed RNA annealed to the oligo(dT)GG primer, with dideoxynucleotides (Shellness & Williams, 1985) .
The sequence data were assembled using the program RUSTEM version 3.3 (by R. Nakipov) and analysed by the GENEBEE package (Brodsky et al., 1991) . Alignments of nucleotide and amino acid sequences were generated by the program MULTALIN (Corpet, 1988) , and slightly modified by hand. Comparisons were done with the nucleotide and amino acid sequences of the BSMV strain ND18 (Gustafson & Armour, 1986; Gustafson et al., 1987) .
Results

Translation, aminoacylation and RNase H tests
Translation of total PSLV RNA in rabbit reticulocyte lysates ( Fig. la) yielded a set of L-[asS]methioninelabelled products similar to the products directed by BSMV virion RNA. The PSLV RNA translation products with estimated Mr values of 120K and 75K apparently corresponded to the proteins of similar sizes encoded by the 5'-proximal genes in BSMV RNA components, i.e. the 0ca and ya products, respectively (Dolja et al., 1983b; Gustafson et al., 1981 Gustafson et al., , 1987 Gustafson et al., , 1989 . The 25K product ( Fig. 1 a) was identified as the virus coat protein (CP) based on its comigration with the protein from SDS-disrupted PSLV virions on polyacrylamide gels, and immunoprecipitation with the anti-PSLV serum (Fig. 1 a) . The BSMV CP (fla product) could not be seen among the L-[35S]methionine-labelled products as it contains no internal Met residues (Gustafson & Armour, 1986) . Finally, the 20K protein which was produced upon in vitro translation of total virion RNA of PSLV also has its counterpart among the BSMV RNA translation products. In the BSMV genome, the corresponding 17K product (yb) has previously been assigned to the T-proximal gene of RNA y (Gustafson et al., 1987) , which is expressed in vitro from a subgenomic RNA found in RNA preparations isolated from purified virions (Dolja et al., 1983a; Jackson et al., 1983) .
Translation of PSLV RNA was completely blocked by the cap analogue mTGpp (Fig. 1 b) , thus indicating that the virus RNA components, like those in BSMV (Agranovsky et al., 1979) , are 5'-capped. et al., 1982) . The short fragment produced by the RNase H cleavage of the 3'-labelled PSLV R N A migrated in P A G E slightly slower than the respective fragment from BSMV R N A (Fig. 2a) . This result suggested that putative polyadenylate tracts, targets for the oligo(dT)-directed RNase H hydrolysis, were located further from the 3' terminus of PSLV R N A than those of BSMV RNA. Surprisingly, the pattern of polydisperse poly(A) fragments resistant to the action of RNases A and T1, which is characteristic of BSMV R N A (Agranovsky et aL, 1983) , was not found for PSLV R N A (Fig. 2b) .
Open reading frames
Assuming that PSLV R N A ends in the sequence C C A 3' as for BSMV R N A (Kozlov et al., 1984) , we added artificial poly(A) tails to it, and used the specific --237 (Gustafson & Armour, 1986; Gustafson et al., 1987) . ORFs are shown by boxes drawn approximately to scale. The internal poly(A) and the 3' terminal tyrosine-accepting structure are indicated arbitrarily.
passed two ORFs whose putative products showed close amino acid sequence relationship with ya (RNA replicase) and 7b (cysteine-rich 17K protein) products encoded in BSMV RNA y ( Fig. 3 and 4a Gustafson et al., 1987) . Hence, we designate these ya and yb, the products of PSLV RNA 7, according to the established designations for BSMV . Extended stretches of conserved nucleotide sequence were noted between the PSLV and BSMV ORFs for ya, but not between the yb ORFs of the two viruses (not shown).
The sequence of 795 nt from another individual clone, ps33 (92~ of it was determined on both strands of cDNA), contained two incomplete overlapping ORFs whose putative products were apparently related to the respective C-terminal fragments of BSMV RNA flencoded products tic and fld ( Fig. 3 and 4 c, d ; Gustafson & Armour, 1986) . Probably only a few nucleotides were missing in this clone for completion of the sequence encoding the PSLV tic product (Fig. 3 and 4c) . No appreciable conservation of the nucleotide sequence was noted between the coding sequences of PSLV and BSMV RNAs fl (not shown).
Analysis of the ORFs for PSLV ya, yb and tic products revealed a usage of degenerate codons very similar to that in ORFs in the BSMV genome (Gustafson & Armour, 1986; Gustafson et al., 1987) , with the preference for U in the third position (not shown). On the other hand, PSLV RNA ~,, unlike its counterpart in the BSM V genome, did not show a general favoured use of U over C within both ORFs (see Gustafson et al., 1987) .
Sequence of the 3"-terminal region
The sequence of the 3' non-coding region in the PSLV genome was determined in four individual cDNA clones 
U,4AU~UUU~AGU,4AUUUUCUUUG(A)sUOAC(A)sG(A)4CUUCUCUA,~GGUGAAAUUCCUU
.,,~, codon (Fig. 5a) . Alignment of the 3' non-coding RNA regions of PSLV and BSMV showed their close relationship, especially in the 3'-proximal portion (Fig.  5a) . The 3' non-coding sequence in PSLV genome components was longer than that in the BSMV genome [289 nt in PSLV RNA 7 and 336 nt in PSLV RNA fl versus 257 nt in BSMV genome components, assuming an average internal poly(A) length of 20 nt in the BSMV RNA]. Three direct repeats with the GAAAU(U/C) consensus were noted in the 3'-distal portion of the PSLV sequence, with an additional repeat found in RNA fl (Fig. 5 a) . These repeats were not conserved in the BSMV sequence.
Sequence analysis of individual cDNA clones representing the 3'-terminal PSLV RNA region did not reveal an internal poly(A) segment characteristic of BSMV RNA. Instead, PSLV RNA contained oligoadenylate tetra-and pentamer tracts with other residues intercalated between them, at a distance of 256 nt from the 3' terminus (Fig. 5 a) . Notably, the sequence of PSLV RNA fl showed a repetition of the adenylate-rich segment (Fig.  5a ). These data are in good agreement with the results of tests with RNases (Fig. 2a, b) . The adenylate-rich sequence interrupted by other residues was obviously an appropriate target for oligo(dT)-directed RNase H cleavage (Fig. 2 a) . On the other hand, digestion of PSLV RNA with RNases A and TI yielded only very short oligoadenylates (Fig. 2b) .
The 3' non-coding sequence in PSLV RNA could be folded into a tight pseudoknotted structure which had previously been proposed for BSMV ( Fig. 5b; Kozlov et al., 1984; Pleij et al., 1987) . One could note that within the region of sequence conservation virtually all the nucleotide substitutions in the PSLV RNA 3' sequence compared to that of BSMV were either compensatory or resided on non-paired connectors between the arms (Fig.  5 b) . An additional hairpin could be found in PSLV RNA fl, that formed by the CUAAGGUGAAAUUC-CUUAG sequence (Fig. 5a) . Interestingly, the GAAAUU repeat was again found exposed in the loop of this extra hairpin, as in to hairpins "I" and "H" (Fig.  5b ).
Discussion
Our results confirm that PSLV is very close to BSMV, the type member of the hordeivirus group, in several respects: in the mode of its RNA translation and aminoacylation in vitro, in the highly conserved amino acid sequences of the products encoded in the sequenced portion of the genome (Fig. 3 and 4 a to d ) and even in a considerable conservation of the nucleotide sequence for some RNA regions ( Fig. 4e and 5) . Gustafson et al. (1987) , on the basis of codon usage deviations in the fld ORF compared with the other BSMV ORFs, questioned the expression of the respective product. The fact that fld products in BSMV and PSLV show strong amino acid sequence conservation at least within their C-terminal halves (Fig. 4d) is in favour of the functional significance of fld. The ~b product of PSLV had an Mr of 20K, compared to the 17K of BSMV ),b, and contained N-and C-terminal insertions flanking the conserved core (Fig. 4b) . Notwithstanding, both the PSLV and BSMV ~b products had nearly identical tetrapeptides at their C termini, Leu(Val)-Ser-Arg-Leu. The two ~b proteins contained 29-2~o identical amino acid residues, and the similarity increased to 44.4~ with related residues also included. This should be considered a relatively low level of conservation, at least when compared with the similarity between the respective ~a (polymerase) proteins. A potentially important feature seen from alignment of ~b proteins was the conservation of two pairs of Cys residues in their N-terminal portion (Fig. 4 b) . This suggests that the respective portions of the BSMV and PSLV ~b proteins might fold in a finger-like structure coordinating a Zn 2+ ion, although the 'finger' itself would be 10 residues longer in the PSLV protein than in the BSMV one (Fig. 4b) . A zinc finger formation appears to be compatible with preliminary data implicating the 7b protein of BSMV in viral transcription transactivation (A. O. Jackson, personal communication). Sequence similarity has been reported to exist between the BSMV ~b protein and chloroplast tRNA intronencoded proteins (CIPs) (Koonin et al., 1991) . Only some of the amino acid residues conserved between the BSMV ~b and CIPs were found also in the PSLV ~b protein (not shown), leaving the significance of this observation somewhat unclear.
The regions of significant similarity at the nucleotide sequence level between the portion of the PSLV genome reported here and the corresponding part of the BSMV genome were confined to the ORF for ~a (putative replicase), the intergenic region between the ~a and ~b ORFs, and a portion of the 3' non-coding region. The conserved segments in the uridine-rich spacer between the ~a and ~b ORFs (Fig. 4e) were localized both upstream and downstream of the BSMV ~b subgenomic messenger start site (Gustafson et al., 1987) , and could thus demarcate the subgenomic promoter and regulatory sequences in the RNA ~ of BSMV and PSLV.
Alignment of the 3' non-coding sequences of BSMV and PSLV revealed a gradient of sequence conservation, from near identity in the region representing the tyrosine-accepting structure (Kozlov et al., 1984) to a lack of detectable similarity in the 3' distal portion. Notably, the AUA tyrosine anticodon and UUCG tRNA methylation site which are localized in BSMV RNA at the same distance from the 3' end as in authentic tRNA (Kozlov et al., 1984) , were conserved in the PSLV sequence (Fig. 5a) .
The tentative spatial folding for the 3' non-coding region of PSLV RNA fits the models proposed for BSMV RNA ( Fig. 5a ; Kozlov et al., 1984; Pleij et al., 1987) . The fact that this folding has survived numerous nucleotide changes between the two hordeivirus RNAs implies its functional importance. Of special interest is the conservation of the primary structure elements involved in pseudoknots "F" and "G", as well as of those in unpaired connectors between the stems and in the internal loop of hairpin "R" (Fig. 5 b) . On the other hand, arm "H" in PSLV and BSMV RNAs was formed by a dissimilar nucleotide sequence, whereas arm "I" of PSLV had no counterpart in the secondary structure of BSMV RNA. It thus appears plausible that the conserved primary and secondary structure elements are specific for the hordeivirus group. It is widely accepted that the Y-terminal tRNA-like structures in plant virus genomes serve as specific signals for replicase (for review see Hall, 1979) . Hence, the comparison of tRNA-like structures of closely related viruses like PSLV and BSMV could help in delineating the sequence and spatial structure elements involved in such recognition. These elements might likewise be candidates for interaction with other hordeivirus-encoded replication-associated protein(s), or some host factors.
Despite the overall similarity between PSLV and BSMV, several important points of difference in the structure of the 3' non-coding regions of their genomes are obvious. The most striking of these was that the PSLV RNAs were devoid of the internal polydisperse poly(A) tract which separates the coding and the 3' noncoding parts in BSMV RNAs and is considered a hallmark of the genome of this virus (Agranovsky et aL, 1982; Kozlov et al., 1984) . Hence, this may be a unique feature of BSMV rather than a sequence element typical of all hordeiviruses. Oligoadenylate tetra-and pentamers spaced by other residues were the only sequence elements in PSLV RNA resembling the internal poly(A) in the BSMV genome.
Another distinction was that the 3'-proximal ORFs in at least two genomic components of PSLV terminated in UGA (RNA ~ ) or UAA (RNA fl ) stop codons followed by heteropolymeric sequences; in all the RNA components of BSMV the 3' genes are terminated with UAA stops that form part of the internal poly(A) tract (Gustafson & Armour, 1986; Gustafson et al., 1987 Gustafson et al., , 1989 . Finally, the 3' non-coding region in PSLV RNAs was considerably longer than the respective sequence in BSMV RNAs. Moreover, PSLV RNA fl possessed a 3' non-coding region which was 49 nt longer than that in PSLV RNA ~, and this extension contained a repeat of the adenylate-rich segment and an additional hairpin structure resembling arms "I" and "H". In contrast, the three genomic RNAs of BSMV have virtually identical 3' non-coding regions (Kozlov et al., 1984; Gustafson et al., 1989) , although these RNAs may differ in the average length of the internal poly(A) tract (Agranovsky et al., 1983) . It could be speculated that in either PSLV or BSMV multiplication, these differences in the 3' regions of the individual genomic components mediate the expression of distinct virus genes and may be responsible for maintaining the constant ratios observed between the different genomic RNAs.
